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In the past decade, responsive photonic crystals (RPCs) have acquired considerable 
attention. Their unique responsiveness provides a wide range of applications in different 
fields. RPCs show advantages in anticounterfeiting and information encryption 
technologies but they are arising as a new trend in biomedicine: detection of different 
diseases, drug delivery and tumor screening. Among different types of RPCs, colloidal 
assembled magnetic responsive photonic crystals are the most interesting due to their 
reversible and tunable response to magnetic fields. 
The magnetic responsive photonic crystals prepared in this Master’s Final Project, are 
characterized by their magnetochromism: a reversible and tunable change in their color 
in response to the application of a magnetic field. 
Superparamagnetic Fe3O4 colloidal nanocrystal clusters (MCNCs) with a core-shell 
structure were synthesized. MCNCs were prepared using a modified one-pot 
solvothermal method where anionic polyelectrolyte poly(4styrenesulfonic acid-co-
maleic acid) sodium salt (PSSMA) was used as stabilizer to obtain the core. A modified 
Stöber process was applied for silica coating to complete the nanostructure. 
The obtained nanoparticles were characterized by powder X-Ray Diffraction (XRD), 
Infrared Spectoscopy (IR), Transmission Electron Microscopy (TEM), Scanning 
Electron Microscopy (SEM), Thermogravimetric Analysis (TGA), Dynamic Light 
Scattering (DLS), and Electrophoretic Light Scattering (ELS). Moreover, magnetization 
curve and magnetic hyperthermia measurements were performed. 
The results showed monodisperse magnetic nanoparticles with a superparamagnetic 
behavior and high heating power. Furthermore, the ordering of the nanoparticles into 
3D chain-like structures was observed in the presence of a magnetic field and evenmore 
this peculiar arrangement can be modified by the applied magnetic field. 
A rheological study was designed and carried out, showing that the suspension presents 
a behavior similar to water. This behavior indicates that the obtained nanoparticles 





Na década pasada os cristais fotónicos de resposta (RPCs) adquiriron unha considerable 
atención. A súa única capacidade de resposta proporciona un amplo rango de 
aplicacións en diferentes campos. Os RPCs mostran vantaxes na prevención das 
falsificacións e nas tecnoloxías de encriptación de información, mais preséntanse coma 
unha nova tendencia na biomedicina: detección de diferentes enfermidades, 
administración de fármacos e revisión de tumores. Entre os diferentes tipos de RPCs, os 
cristais fotónicos de resposta magnética con ensamblado coloidal son os máis 
interesantes debido á súa resposta reversible e regulable aos campos magnéticos. 
Os cristais fotónicos de resposta magnética preparados neste Traballo de Fin de 
Mestrado caracterízanse polo seu magnetocromismo: un cambio reversible e regulable 
na súa cor en resposta á aplicación dun campo magnético. 
Sintetizáronse clusters coloidais superparamagnéticos de nanocristais de magnetita 
(MCNCs) cunha estrutura de tipo “core-shell”. Preparáronse empregando un proceso 
solvotermal “one-pot” modificado onde o polielectrolito aniónico  empregado foi a sal 
de sodio do ácido poli(4-estirensulfónico-co-maleico) (PSSMA) como estabilizador 
para ober o núcleo. Un proceso de Stöber modificado aplicouse para obter o 
recubrimento de sílice que completa a nanoestrutura. 
S nanopartículas obtidas caracterizáronse mediante Difracción de Raios X (XRD) de po, 
Espectroscopía Infravermella (IR), Microscopía Electrónica de Transmisión (TEM), 
Microscopía Electrónica de Varrido (SEM), Análise Termogravimétrica (TGA), 
Dispersión de Luz Dinámica (DLS) e Dispersión de Luz Electroforética (ELS). 
Ademais realizáronse medidas da curva de magnetización e de hipertermia magnética. 
Os resultados mostran nanopartículas magnéticas cun comportamento 
superparamagnético e un alto poder de quecemento. Ademais, observouse o 
ordenamento das partículas en estruturas 3D en forma de cadeas en presenza dun campo 
magnético e amais esta peculiar disposición pode ser modificada polo campo magnético 
aplicado. 
Deseñouse e realizouse un estudo reolóxico, que mostra que a suspensión amosa un 
comportamento similar á auga. Este comportamento indica que as nanopartículas 





3D: 3 Dimensions 
a.u.: Arbitrary units 
ATR: Attenuated Total Reflection 
CNC: Colloidal Nanocrystal Cluster 
DLS: Dynamic Light Scattering 
EG: ethylene 
ELS: Electrophoretic Light Scattering 
EtOH: Ethanol 
FM: Ferromagnetic 
FTIR: Fourier Transform Infrared 
Spectroscopy 
G’: Elastic modulus or storage modulus 
G’’: Viscous modulus or loss modulus 
ICDD: International Center for 
Diffraction Data 
IR: Infrared 
IUPAC: International Union of Pure 
and Applied Chemistry 




MNP: Magnetic Nanoparticle 
MRI: Magnetic Resonance Imaging 
MRPC: Magnetic Responsive Photonic 
Crystal 
NaAc: Sodium Acetate 
PC: Photonic Crystal 
PSSMA: Poly(4styrenesulfonic acid-
co-maleic acid) sodium salt 
RPC: Responsive Photonic Crystal 
SAR: Specific Absorption Rate 
SEM: Scanning Electron Microscopy 
TEM: Transmission Electron 
Microscopy 
TEOS: Tetraethyl orthosilicate 
TGA: Thermogravimetric Analysis 
VSM: Vibrating Sample Magnetometer 







3.1 Photonic crystals 
3.1.1 Definition 
Photonic crystals (PCs) are dielectric materials with a periodically arranged structure in 
a length scale proportional to the visible wavelengths. These materials are also known 
as photonic band gap materials because incident light waves of certain frequency 
interval cannot propagate through the structure, producing photonic band gaps. By 
controlling the specific directions where photons are not allowed to travel, the flow of 
light in this optical materials can be manipulated.
1–3
 
This phenomenon is present in nature, where a photonic band gap in the visible range 
originates materials whose colors change with the viewing angle (Figure 1). The 
brilliant colors produced by the periodically ordered microstructures in biological 
materials can be observed in butterflies, marine creatures, bird feathers and even in 
flora. Opal is another example of natural photonic crystal, where the color effects are 





Figure 1. a) Blue color in the fern-like plants of the fenus Selaginella
4
; b) real color image from a           
M. rhetenor wing
4
; c) tropical fish neon tetra
5
; d) natural opal; e) Bird of the species P. lawesii and 






3.1.2 Responsive Photonic Crystals 
A responsive photonic crystal (RPC) is a dielectric material with periodical structure 
that can vary its diffraction wavelength upon exposure to physical or chemical stimuli. 
A good RPC is identified by reversible tuning, a high response rate, a large tuning range 
of the diffraction wavelength, and the compatibility with miniaturization for its 
integration into existing devices.
3
 
RPCs can be classified according to the stimulus that causes the response into:  
 Thermoresponsive photonic crystals. These photonic crystals undergo a thermo-
initiated order-disorder transition that changes the interparticle distance and leads to 
a variation in the diffraction.
7
 
 Chemically responsive photonic crystals. Chemical RPCs use different materials, 
such as polymers and ceramics. Those grouped on polymeric composition are 
hydrogel photonic crystals. These PCs present a molecular-recognition group 
attached to the polymer chains that can selectively bind certain metal ions. The 
binding causes a change in the osmotic pressure leading to the swelling or shrinkage 
of the hydrogel and thus, a change in the diffraction. 
On the other hand, in ceramic macroporous materials, the infiltration of solvents of 
different refractive indices induces specific color changes.
3
 
 Mechanically responsive photonic crystals. The photonic crystal structures are 
embedded in a polymer matrix. The stretching of the material produces the variation 
in the lattice distance of the structure planes, which leads to a reversible tuning of 
the color. Figure 2 shows the elastic deformation of a colloidal crystal compostite 










 Optically responsive photonic crystals. Optical irradiation can be used as a precise 
and effective stimulus for tuning the structures of PCs when the system presents 
photosensitive molecules or liquid crystals. The changes in lattice structure or 
refractive index of the components are light-induced.
3
 
 Electrically responsive photonic crystals. Transform the electrical stimulus into an 
optical response. These RPCs can be divided into different categories depending on 
the action performed by the electric field: electrochemical process, in which the 
photonic structure is modified by oxidation and reduction; modification of the 
refractive index by reorientation of liquid crystal molecules; electrophoretic 
organization of colloidal suspension and indirectly electrically induced modification 
of the photonic system.
9
 
 Magnetically responsive photonic crystals. The magnetically induced particle 
interactions in this type of PCs allow the magnetic reversible tuning. These RPCs 
will be discussed in the next section. 
Responsive photonic structures present important technological applications such as 
anticounterfeiting devices, information encryption technologies, chemical sensors 
military camouflage and inks and paints. Moreover, RPCs are widely used in 
biomedicine as biosensors, magnetic resonance imaging (MRI) contrast agents and 
vehicles for targeted drug delivery. 
10–12
 
In the fabrication of artificial PCs two different approaches can be taken: top-down and 
bottom-up preparation methods. Top-down approaches use methods such us 
photolithography and etching techniques, starting from bulk materials to produce 
microstructures. These procedures have a high cost and low efficiency production, 
therefore they are not typically used for the fabrication of RPCs. 
Bottom-up approaches imply the self-assembly of building blocks into periodic 
photonic structures. The building blocks can be different molecular species such as 
block copolymers or nanoscale units such as SiO2. The self-assembly process is the 
ordering of the species in organized arrays driven by the positive free energy of mixing 
of the building blocks.
3,13
 
In the case of RPCs, a stimulus-responsive material is introduced in the PC system. The 
responsive material can be incorporated in two ways. One possibility is to directly 




crystals. The other alternative consists in the addition of magnetic components to the 
already prepared building blocks. The periodic structures are defined and then they are 
coupled with the responsive materials filling into the interstitial space. 
The most advantageous building blocks for the self-assembly of photonic crystals are 




3.2 Magnetic Responsive Photonic Crystals (MRPCs) 
3.2.1 Structure and Synthesis 
This work is focused on a bottom-up method to prepare the responsive materials in the 
form of the building blocks to assemble the photonic crystals. 
The more suitable building blocks for magnetically responsive PCs are monodisperse 
superparamagnetic colloidal spheres on account of their strong magnetic responses and 
the possibility of initiating and controlling their dipole-dipole interactions by the action 
of external fields. A sort of these adequate colloidal spheres are the superparamagnetic 
colloidal nanocrystal clusters (CNCs) of magnetite (Fe3O4).
10,12
 
The structure of MRPCs is always constituted by a core and a shell, typically a Fe3O4 
core and a polymeric shell. The polymer composing the shell is commonly a high 
polymer, such as poly(4styrenesulfonic acid-co-maleic acid) (PSSMA), which is 
employed in this work. The polymer that is coating on the core surface acts as the 
stabilizer, providing the repulsion force in the building-up process under an external 
magnetic field. In addition, a silica (SiO2) layer is coated on the surface of the Fe3O4 
CNCs to prevent the detachment of the polyelectrolyte.
12
 
Each Fe3O4 CNC presents a cluster-like structure constituted by many interconnected 
primary nanocrystals with an approximate diameter of 10 nm. As a result of this 
structure, the CNC retains the superparamagnetic behavior of the nanocrystals at room 
temperature, while a single-crystalline magnetite particle in the same size range would 
exhibit a ferromagnetic behavior. 
15
 
When colloidal particles of pure magnetic materials can be directly used as building 






 The ferromagnetic or superparamagnetic behavior of nanoparticles depends 
on their size. As it is represented in Figure 3, a ferromagnetic (FM) material is formed 
by permanent magnetic moments coupled between them in a parallel arrangement. The 
FM materials are divided in regions, called magnetic domains, and inside of each 
domain the individual magnetic moments of the atoms are aligned with one another and 
they point in the same direction. In the absence of a magnetic field, the magnetization of 
different domains may point in different directions and thus the total magnetization of 
the material is zero. With the reduction of the particle size, the number of magnetic 
domains in the particle decreases until the existence of a domain wall becomes 
energetically unfavorable, resulting in a single domain particle. The behavior of a single 
domain particle can be described as if all the atomic moments where rigidly aligned like 
a unique giant spin. The size of a single domain varies depending on the nature of the 
material. Therefore, although the overall size of the cluster exceeds the critical size 
distinguishing ferromagnetic and superparamagnetic magnetite, the magnetic behavior 
is determined by the nanocrystals forming the structure. 
Figure 3. Ferromagnetic-to-superparamagnetic transition determined by the reduction of the particle size. 
On the other hand, the polymer plays an important role in the structure. Due to the 
presence of the polyelectrolyte, the Fe3O4 CNC has a highly charged surface that favors 
the dispersion in aqueous solution, improving colloidal stability. This species also 
controls the formation of the magnetic colloidal nanocrystal clusters (MCNCs) when it 
is added to the reaction mixture. The charged groups of the polymer can coordinate with 







Several methods for the synthesis of magnetite MRPCs have been developed until now. 
One-pot high-temperature polyol process for the synthesis of polyelectrolyte-capped 
superaramagnetic CNCs of magnetite presents a series of advantages regarding other 
synthetic methods. The process is easy to operate and cost-efficient. The procedure 
employs a Teflon-lined stainless-steel autoclave. The sealed environment allows the 
autoclave to generate high pressure to facilitate the growth and crystallization of 
nanoparticles. The reaction time is shortened with regard to other procedures and this 
method provides an instantaneous assembling of the MRPCs. However, this method 
presents some limitations for a large scale synthesis. The cost is very high for larger 





3.2.2 Mechanism of Magnetic Assembly
3,10,18
 
The interparticle spacing in a suspension can be changed by magnetically inducing 
particle interactions, which will result in the magnetic tuning of the PRC. To attain the 
dynamic structural tuning, a non-close packed colloidal assembly must be embedded in 
an easily deformable matrix such as a liquid. When a magnetic field is applied to a 
solution with magnetic colloids, different forces between the particles are present. It is 
generated a magnetic packing force Fm that pulls the particles toward the maximum of 
the local gradient, a magnetic dipole-magnetic dipole attractive force Fma between two 
adjacent particles lined up along the magnetic field, and a magnetic dipole-magnetic 
dipole repulsive force Fmr between two particles that are perpendicular to the field. 
Furthermore, an electrostatic repulsive force Fer is usually provoked by the highly 





Figure 4. Forces on superparamagnetic particles within a colloidal crystal array in the absence and 
presence of a magnetic field. Fer electrostatic repulsive force, Fm external magnetic force, Fma magnetic 




The balance between the different forces produces the self-assembly of particles into 3D 
chain-like structures along the external field. The magnetic dipole-dipole interaction is 
balanced by the electrostatic force along the chain at the same time that the chains are 
kept away from each other by the interchain magnetic repulsive force and the 
electrostatic force. Figure 5 indicates the forces that intervene in the ordering of the 




Figure 5. a) Magnetic field distribution around a superparamagnetic particle. Repulsive (b) and attractive 
(c) dipole-dipole forces between particles drive the formation of particle chains along the magnetic field 
(d). The relative strength of the local magnetic field is shown by the color bar on the right.
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The strong interchain repulsion, including both magnetic and electrostatic interactions, 
causes the stability of chain structures against stacking. When all these forces are 
similar in strength, the interparticle separation and assembly structure can be altered by 
any change in the force balance. The disturbance of the magnetic interaction in the force 
balance produces the magnetically responsive diffraction. 
The different colors originated from the diffraction depend on the strength of the 
magnetic field. When the magnetic field increases, the magnetic attractive force causes 
the approaching of the neighboring particles in the chains until the electrostatic 
repulsion is strong enough to balance the magnetic attraction. This effect results in a 
blue shift in the diffraction. Nevertheless, when the magnetic field decreases, a red shift 
is produced in the diffraction, that finally disappears when the colloids become 
disordered. The diffraction tuning and the order-disorder transition are completely 
reversible. 
The use of magnetic fields as stimuli presents a series of advantages that include, among 
others, a contactless control, instant response (as opposed to systems whose operation is 








3.3 Basic characterization of nanoparticles 
The composition of the nanocrystals that form the nuclei of the magnetic responsive 
nanoparticles can be known by using the X-ray powder diffraction (XRD). This 
technique allows the identification of the material forming the core by comparison with 
a reference pattern. 
Another characterization technique is thermogravimetric analysis (TGA), which 
provides the mass of the metal oxide in the particles and therefore its proportion with 
respect to the coating. The decomposition temperature of the polymer is also obtained. 
Infrared spectroscopy (IR) can confirm the inclusion of the polymer in the nanoparticles 
by monitoring the change in the intensity or position of the bands in the spectrum with 
respect to the free polymer. 
To acquire information about the shape and size of the nanoparticles, electron 
transmission microscopy (TEM) and electron scanning microscopy (SEM) are two very 
useful techniques. The obtained images also show the thickness of the coating and the 
ordering of the particles or the formation of aggregates. 
The size distribution profile of the particles can also be obtained with dynamic light 
scattering if the nanoparticles have spherical shape. The same device used for these 
measurements may have the possibility of evaluating the zeta potential, which is the 
charge on the surface of the particles and determines their stability in suspension. 
To characterize the magnetic properties, obtaining the magnetization curve is essential 
since it provides information about the magnetic behavior of the nanoparticles. The 
magnetization cycle of a superparamagnetic material is different from the one belonging 
to a ferromagnetic material. 
Magnetic hyperthermia measurements make the magnetic characterization more 
complete. This effect consists in a local increase in the temperature when the 






Rheology is a useful technique to obtain information about the physical properties of a 
material. The IUPAC accepts as definition of rheology “the study of the flow and 
deformation of matter under the influence of a mechanical force. It is concerned 
particularly with material behavior which cannot be described by the simple linear 
models of hydrodynamics and elasticity. Some of these departures are due to the 
presence of colloidal particles or the influence of surfaces”.
19
 
Figure 6. DHR2 Rheometer, TA Instruments
20
 
The device employed for measuring the rheological properties of a fluid is a rheometer, 
as the one showed in Figure 6. The rheometer operation is based in the application of a 
controlled stress to the sample and the registration of the strength of the sample against 
the applied stress. The rheometer is equipped with a head for applying the stress to the 
sample that can have different geometries, depending on the characteristics of the fluid 
or the material and the physic properties that are studied.
21
 In the case of fluids, cone 





Figure 7. Cone and plate (left) and parallel plates (right) geometries. 
When several cones and plates are available, the appropriated diameter must be selected 
according to the viscosity of the sample, employing higher diameters for lower 
viscosities. The choice may be reconsidered after the first test. 
The stress applied by the head over the fluid can be of several types, being the most 
common the application of a shear stress. The head’s rotational speed is known as shear 
rate and it is expressed in units of s
-1
 (the head’s rotation frequency). Depending on the 
resistance of the sample to the applied shear rate, different data regarding its physical 
properties, such as viscosity, can be collected. 
Different types of substances can be studied in rheometers: fluids, soft solids and even 
viscoelastic fluids, which are materials with both fluid and solid characteristics. This 
technique allows the determination of diverse physical properties of these materials. 
Focusing on fluids, one of the most important physical properties is the viscosity, which 
provides a measure of the resistance opposed by the fluid to a shear rate. Viscosity is 
usually expressed in units of Pa·s. Two kinds of fluids can be distinguished according to 
the viscosity behavior: Newtonian and non-Newtonian fluids. Newtonian fluids have a 
constant viscosity so that the shear stress and its strain rate present a lineal relation. An 
example of a Newtonian fluid is water. In the case of a non-Newtonian fluid the 
viscosity is variable, depending, for example, on the applied shear stress. In this case it 




In the case of solids, the application of a stress produces deformations. If the 
deformation is reversible, so that the solid recovers the original shape when the stress is 
stopped, it is an elastic deformation. The stress/strain relation will have a linear  




storage modulus, G’) and the viscous modulus (or loss modulus, G’’) can be described. 
The elastic modulus measures the elasticity of the material, the ability of the material to 
store energy. The viscous modulus measures the ability of the material to dissipate 
energy, which is lost as heat. When the elastic modulus is higher than the viscous 
modulus, the material has a higher solid component and thus it behaves more as a solid 
than as a liquid. But if the viscous modulus is higher than the elastic modulus, the liquid 
component is higher and the material behaves more like a liquid.
21
 
There are not many studies concerning the rheological properties of MCNCs 
suspensions. The fluid behavior, solid or liquid, Newtonian or non-Newtonian is   
unknown for the prepared magnetite MCNCs suspension. In this case, tests are done in 
some conditions that are not still optimized. 
It is important to consider the linear regime when carrying on the experiments. The 
linear regime is the range in which the elastic and viscous moduli maintain a parallel 
behavior and their values are kept constant. An amplitude sweep test must be carried out 
to know the lineal regime of the MCNCs suspension. This test provides the values for 
the elastic modulus and viscous modulus against the oscillation stress that determine the 
solid or liquid-like behavior of the material. 
Different tests can be done to understand the behavior of the MCNCs suspension. In this 
work emphasis will be placed in the following ones: 
 Flow sweep test: in this test, different shear rates are applied to the sample for a time 
interval and the apparent viscosity is obtained for each of the velocities. The 
apparent viscosity is usually expressed in units of Pa·s. 
 Flow peak hold test: in this test, viscosity is measured at one constant velocity. The 
velocity that is used in this experiment is selected from the data obtained in the flow 
sweep test. 
 Amplitude sweep test: this test consists in oscillatory twist of the upper plate, each 
time with an increasing of the performed displacement, it is, a variation in the strain. 
Elastic (storage) and viscous (loss) moduli of the material are obtained. This test 
provides information about the behavior of the material, whether it has a more solid 




The implementation of magneto-rheological tests allows the comparison of the 
suspension behavior in the presence and absence of a magnetic field. This study is 
interesting because the suspension is a MRPC and the ordering of its structure changes 
with an external magnetic field. There is a specific accessory for the equipment, shown 
in Figure 8, which enables that complete characterization of magneto-rheological fluids 
under the influence of a controlled field. Unfortunately, there was no possibility of 
doing the magneto-rheological measurements in this work due to the breakdown at this 
module, but it is planned to do so in the near future. 









This Master’s Final Project presents as objective: 
 The synthesis and characterization of magnetic responsive photonic crystals with a 
superparamagnetic behavior, including the elaboration of a rheological study. 
The proposed objectives were developed through the following steps: 
 Synthesis of the MRPCs by a one-step solvothermal method and application of a 
silica coating to the previously obtained nanoparticles. 
 Development of a structural and morphological characterization of the reaction 
product and study of its magnetic properties. 
 Understanding of the magnetochromic behavior from the results obtained in the 
characterization. 
 Design and application of a rheological study to analyze the material properties and 




5. EXPERIMENTAL PART 
5.1 Solvents and Reagents 
5.1.1 Solvents 
The employed solvents are listed hereunder, purified in its case as indicated. 
 Ethylene glycol (EG) (Panreac, 99%) 
 Ethanol (EtOH) (Panreac, 99.8%) 
 Deionized water (Merk Millipore Direct-Q® 5UV equipment) 
5.1.2 Reagents 
The used reagents are listed hereunder. 
 Poly(4styrenesulfonic acid-co-maleic acid) sodium salt (PSSMA) (Sigma-
Aldrich) 
 FeCl3·6H2O (Sigma-Aldrich, 98%) 
 Sodium acetate (NaAc) (Sigma-Aldrich, 99%) 
 Ammonium hydroxide (NH3·H2O) (Panreac, 30%) 
 Tetraethyl orthosilicate (TEOS) (Acros Organics, 98%) 
 
5.2 Synthesis of Fe3O4@PSSMA Nanoparticles 
For the Fe3O4 CNCs (Fe3O4@PSSMA) synthesis, a modified one-step solvothermal 
method was employed using PSSMA as stabilizer. PSSMA is an anionic polyelectrolyte 
containing both sulfonate and carboxylate anionic groups (Figure 9). 
 




0.5 g of PSSMA was dissolved in 20 mL of EG. The mixture was stirred until a clean 
solution was obtained. 0.54 g of FeCl3·6H2O were added to the solution before the 
addition of 1.5 g of NaAc. The solution was sealed in a Teflon-lined stainless-steel 
autoclave and heated at 190 ºC for 10h. After reaction, when being cooled to room 
temperature, the dark precipitates were washed three times with water and centrifuged 
at 18000 rpm for 30 min at 10 °C. The obtained solid was dispersed in 6 mL of water. 
A scheme of the synthesis steps is presented in Figure 10, as well as a representation of 
the structure of the obtained nanoparticles with Fe3O4 nanocrystals embedded in 
PSSMA. 
Figure 10. Scheme of the synthetic procedure and representation of a nanoparticle structure with Fe3O4 
nanocrystals (black) embedded in PSSMA (grey). 
The temperature used in the solvothermal synthesis was optimized and the selected one 
was 190 ºC. Temperatures above 190 ºC lead to the formation of magnetite only, but the 
polymer is not added to the product. On the other hand, temperatures below 190 ºC are 
not enough to produce the CNCs: the reaction does not take place and the 
polymerization of the polymer is produced so the initial solution is transformed into a 
gel containing the starting materials. 
The washing and centrifugation parameters were also optimized. The obtained 
nanoparticles are quite stable in suspension, so the isolation with a magnet becomes a 
time-consuming process. For this reason, centrifugation was selected as a faster 
technique. A high value for the rpm parameter was chosen since it was verified that 




5.3 Silica Coating Process 
The method used for the silica coating is a modified Stöber process. 1 mL of the 
Fe3O4@PSSMA water dispersion was added to a solution containing 20 mL of ethanol 
1 mL of and water. The mixture was sonicated for 15 min and 1 mL of ammonium 
hydroxide was added. After sonicating for another 15 minutes, 0.1 mL of TEOS in 5 
mL of EtOH was added into the above dispersion and the reaction was performed with 
continuous sonication for 90 min. The product was washed three times with a mixture 
1:1 ethanol/water and centrifuged at 5000 rpm for 20 min at room temperature. The 
obtained Fe3O4@PSSMA@SiO2 nanoparticles were dispersed in 2 mL of water. 
A scheme of the coating procedure steps is presented in Figure 11, as well as a 
representation of the structure of the obtained nanoparticles with previous 
Fe3O4@PSSMA nanoparticles coated by a silica layer. 
Figure 11. Scheme of the coating procedure and representation of a nanoparticle structure with Fe3O4 
nanocrystals (black) embedded in PSSMA (light grey) coated with silica (dark grey). 
The coating process was also carried out starting with 2 mL of the Fe3O4@PSSMA 
water dispersion and keeping constant the other of the reagents to try to obtain a thinner 
coating layer. The obtained thinner coating Fe3O4@PSSMA@SiO2 will be named as 
(TC)Fe3O4@PSSMA@SiO2 in this work. 
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6. INSTRUMENTAL AND METHODS 
6.1 Powder X-Ray Diffraction 
Polycrystalline powder XRD is a non-destructive characterization technique commonly 
used in the identification of the crystalline phases present in a material and also in the 
structural determination of each phase. X-rays, with a certain wavelength in the order of 
the interatomic distances of crystalline solids, fall upon a sample of crystalline powder. 
Atomic planes act as diffraction gratings and thus X-rays are diffracted producing 
constructive and destructive interferences, depending on the interatomic distances. 
Taking into account the angle of incidence of that radiation, the crystalline structure of 
the materials can be identified.
24
 
The equipment used for the characterization of the compounds by XRD is a SIEMENS 
D5000 XR diffractometer, placed in the building of the Research Support 
Services (SAI) of the University of A Coruña (UDC).
25
 
The identification of the crystalline phase was carried out through the analysis of the 
diffractogram and its comparison with available data at the International Centre for 
Diffraction Data (ICDD) database, by using the Match! program (version 3.8.0.137).
26,27
 
6.2 Infrared Spectroscopy 
IR spectroscopy provides information about the vibration energy of the bonds between 
light atoms. The identification of the absorption bands produced by the presence of such 
bonds in a compound gives information about the characteristics of the bonds and their 
modifications. For the characterization of the prepared compounds, the Fourier 
transform infrared spectroscopy (FTIR) by attenuated total reflection (ATR) technique 
was used. 
The employed equipment was the ThermoScientific Nicolet iS10 placed in the 
Advanced Scientific Research Center (CICA) of the University of A Coruña.
28
 
Instrumental and Methods 
22 
 
6.3 Electron Microscopy 
6.3.1 Transmission Electron Micoscopy 
The transmission electron microscopy (TEM) provides a direct image of a solid with 
high magnification. In the TEM microscope, a thin sample is irradiated with electrons of 
a uniform current density, generated with a tungsten or lanthanum hexaboride filament 
and accelerated with a potential difference. Electrons interact with the sample in 
different ways, so electrons can be transmitted, scattered or produce different 
phenomena. The different interactions are used by the microscope to form images.
24
 
The characterization of the samples was carried out with the 100 kV JEOL JEM 1010 
microscope placed in the Research Support Services (SAI) of the UDC.
25
 
6.3.2 Scanning Electron Microscopy 
The scanning electron microscopy (SEM) is usually employed to generate a topographic 
image of the surface of a material. A extremely focused electron beam is produced by a 
field emission gun. The use of this source of electrons improves the spatial resolution 
and allows working at very low potentials, which contributes to minimize the charging 
effect on non-conductive specimens and to prevent damage to electron beam sensitive 
samples. The electron beam is accelerated with a potential difference and it is sent to the 
sample surface, performing a sweep in the X and Y directions, and it is finally directed 
to a detector that registers the result of the interaction
24
 
The SEM images were obtained with the JEOL JSM-7200F multi-purpose FE-SEM 
microscope placed in the SAI of the University of a Coruña.
25
 
6.4 Thermogravimetric Analysis 
Thermogravimetric analysis is a technique based in the measurement of the mass 
variation of a sample when the sample is submitted to an increase in the temperature 
under a controlled atmosphere. Information about the thermal stability and the 
composition of the sample can be obtained with TGA. 
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A TGA was carried out under nitrogen atmosphere by using a STA/TG-DSC 
(Simultanaous Thermogravimetry  Differential Scanning Calorimetry) Netzsch STA 
499 Jupiter analyzer, placed in the SAI, UDC.
25
 
6.5 Dynamic Light Scattering 
This technique is based in the fluctuation of the light intensity as a consequence of the 
Brownian movement in the solvent of the suspended particles. That fluctuation is used 
to obtain a value for the diameter of the particles, which are supposed to be spherical. 
The measurements were carried out with a NanoBrook 90Plus Zeta Particle Size 
Analyzer placed in the CICA, UDC.
28
 
6.6 Electrophoretic Light Scattering 
The zeta potential is a measurement of the magnitude of the electrostatic forces among 
charged surfaces. It is established between a solid interface and the liquid that surrounds 
it. The equipment uses the electrophoretic light scattering to measure the zeta potential. 
Two electrodes apply an electric field to the sample producing the migration of the 
charged particles or molecules. Their different mobility is related to the zeta potential. 
The employed analyzer was the same than for dynamic light scattering technique, a 
NanoBrook 90Plus Zeta Particle Size Analyzer placed in the CICA, UDC.
28
 
6.7 Magnetization Curve 
The magnetization curve is obtained with a vibrating sample magnetometer (VSM) 
device. The technique is based on the detection of the dipole field from an oscillating 
magnetic sample placed in a uniform magnetic field.
29
 
Magnetization was measured on dried samples, with a vibrating sample magnetometer 
(VSM) DSM 1660, placed in the University of Santiago de Compostela.
30
 The 
measurement conditions were room temperature and magnetic fields from -10 to 
+10 kOe. 
Instrumental and Methods 
24 
 
6.8 Magnetic Hyperthermia 
Magnetic hyperthermia is a technique where an alternating magnetic field is applied to a 
magnetic material (heating agent) to produce a temperature increase. Magnetic 
nanoparticles (MNPs) are widely used as heating agents. The increase in the 
temperature is produced by an energy loss, which is released as heat. The energy 
dissipation is explained by Brownian and Néel relaxation mechanisms. Néel losses 
correspond to the energy losses from the rotation of the magnetic moment vector of the 
particle. On the other hand, Brownian losses refer to the energy losses produced by the 




The specific absorption rate (SAR) parameter is quite often used to characterize the 
heating ability of magnetite MNPs. The SAR provides a numeric value to compare the 
heating potential of different particles in different conditions, and it can be determined 
in units of W/g with the following formula: 
      
       





where c is the specific heat of the solution (the specific heat of water is used when the 
nanoparticles are dispersed in this medium), msample is the mass of the sample, mmagnetite 




Hyperthermia properties were measured on a homemade device placed in the University 
of Santiago de Compostela.
30
 An oscillating field with a frequency of 293 kHz and a 
magnitude of 30 mT was applied to the sample. 
6.9 Rheology 
The basis on this technique and its utility were explained in section 3.4 of the 
introduction of this work. 
The measurements were carried out with the device Discovery Hybrid Rheometer, 
DHR2, TA Instruments, using a parallel plates geometry with a diameter of 40 mm. The 
device is placed in the CICA, UDC.
28
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7. RESULTS AND DISCUSSION 
7.1 Visual Analysis 
The first evidence of the success of the synthesis is the observed change in the color of 
the product in the presence of a magnetic field. The effect produced by Fe3O4@PSSMA 
nanoparticles is shown in Figure 12. 
Figure 12. a) Brown color of the Fe3O4@PSSMA suspension in the absence of a magnetic field. Change 
of the color to red (b), green or blue (c) in the presence of a magnetic field.  
The Fe3O4@PSSMA suspension presents brown color in the absence of a magnetic 
field. The color changes when a magnet is approached. The suspension turns red, the 
green and finally blue as the magnet is closer, which implies that the strength of the 
magnetic field increases. 
7.2 Powder X-Ray Diffraction 
Figure 13 shows the obtained X-ray diffraction pattern for Fe3O4@PSSMA, which is 
compared with the reference 01-088-0315 from the International Center for Diffraction 
Data (ICDD) database. The obtained diffraction maxima are in full agreement with the 
magnetite phase, which confirms the correct formation of Fe3O4 phase. In addition, the 
broad peaks confirm the presence of nanoparticles. 




Figure 13. Experimental diffractogram of Fe3O4@PSSMA (blue) and reference pattern from 
ICDD (blue). 
 
7.3 Infrared Spectroscopy 
In order to characterize and confirm the incorporation of PSSMA on the MCNC, 
Fourier transform infrared (FTIR) spectroscopic analysis were performed for both 
PSSMA and Fe3O4@PSSMA. The obtained spectra are shown in Figure 14. 
 
Figure 14. FTIR spectra of PSSMA (blue line)  and Fe3O4@PSSMA (red line). 
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The Fe3O4@PSSMA spectrum exhibits characteristic absorption bands of sulfonate and 
carboxylate groups of PSSMA. The bands at 1190 and 1125 cm
-1
 are due to the 
asymmetric stretching vibrations, and bands at 1040 and 1010 cm
-1
 are due to the 
asymmetric and symmetric stretching vibration of carboxylate groups in PSSMA, 
respectively. The asymmetric stretching vibration of carboxylate groups moved from 
1600 cm
-1
 for PSSMA to 1630 cm
-1
 for Fe3O4@PSSMA, indicating that the carboxylate 
groups of PSSMA were bonded onto the MCNCs surfaces. The band at around 
2930 cm
-1
 is due to the stretching of the –CH2– vibrations and it looks like it 
disappeared in the Fe3O4@PSSMA spectrum. 
7.4 Transmission Electron Microscopy 
TEM images were obtained for both Fe3O4@PSSMA and Fe3O4@PSSMA@SiO2 
samples.  
Figure 15a-b shows two TEM images of Fe3O4@PSSMA nanoparticles, which present 
spherical shape. Monodisperse particles with a size between 100 and 200 nm are 
observed and their rough surface identifies the polymer containing the magnetite CNCs. 
Figure 15. a-b) TEM images of Fe3O4@PSSMA nanoparticles; c-d) TEM images of 
Fe3O4@PSSMA@SiO2 nanoparticles. 
TEM images of Fe3O4@PSSMA@SiO2 nanoparticles are exhibit in Figure 15c-d. The 
silica coating can be distinguished, with a lighter color, from the nucleus, the dark 
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sphere in the center of the particle. The coating provides the nanoparticles a smoother 
surface than in the case of Fe3O4@PSSMA, which can be appreciated in the images. 
The shell is dense and fully covers the metallic core. The coated particles maintain the 
monodispersity previously seen in the Fe3O4@PSSMA nanoparticles and their size 
reaches the 200 nm. 
7.5 Scanning Electron Microscopy 
The samples employed to obtain the SEM images were dried up in the presence of a 
magnetic field. Figure 16 shows a SEM image of Fe3O4@PSSMA with the result of the 
self-assembly of particles into 3D chain-like structures along the external field. 
Therefore image confirms the ordering of the magnetic nanoparticles in the presence of 
a magnetic field.  
 
Figure 16. SEM image of the ordering of Fe3O4@PSSMA nanoparticles into chain-like structures. 
It is worth to note that the dry nanoparticles are forming stacked layers with a compact 
layer arrangement in solid state. These layers can be seen at the edges of the stack 
(Figure 17a) or due to the absence of part of the upper layer formed in the sample 
(Figure 17c). 
Results and Discussion 
29 
 
Figure 17. a) Edge of a stack of layers formed in the solid sample; b) Holes in the upper layer of the 
solid sample. 
Monodisperse Fe3O4@PSSMA and Fe3O4@PSSMA@SiO2 nanoparticles are observed 
in Figure 18a-b. Particle sizes were measured from these images obtaining a diameter of 
153 nm ± 33 nm for Fe3O4@PSSMA and 206 nm  27 nm for Fe3O4@PSSMA@SiO2. 
Statistical results (obtained by measuring 100 particles) are shown in Figure 18c-d. 
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Figure 18. a) SEM image of monodisperse Fe3O4@PSSMA nanoparticles; b) SEM image of 
Fe3O4@PSSMA@SiO2 particles with uniform sizes; c) Statistical results for Fe3O4@PSSMA particle 
size; d) Diameter of Fe3O4@PSSMA@SiO2 nanoparticles statistically obtained. 
7.6 Thermogravimetric Analysis 
Figure 19 presents the TGA of Fe3O4@PSSMA. A loss of mass of about a 5% is 
observed at 94 ºC due to the loss of water present in the sample. In the range of 250 to 
500 ºC, a significant mass loss of about 12% can be observed as a consequence of the 
presence of organic matter (PSSMA).  




Figure 19. TGA of Fe3O4@PSSMA. 
From the TGA data a ratio of the mass of organic (PSSMA) and inorganic matter 
(magnetite) in the nanoparticles can be obtained. Fe3O4@PSSMA nanoparticles present 
a 13% of organic matter and 87% of inorganic matter. 
7.7 Dynamic Light Scattering 
The values of the diameters of Fe3O4@PSSMA, Fe3O4@PSSMA@SiO2 and 
(TC)Fe3O4@PSSMA@SiO2 nanoparticles were obtained by DLS. All the results are 
listed in table 1.  
Table 1. Diameters of the different synthesized nanoparticles obtained by DLS. 
Particles Diameter (nm) 
Fe3O4@PSSMA 190 ± 5 
Fe3O4@PSSMA@SiO2 270 ± 5 
(TC)Fe3O4@PSSMA@SiO2 220 ± 5 
For Fe3O4@PSSMA nanoparticles, a value of 190 nm ± 5 nm was obtained. The coating 
layer increases the size of the particles, as it can be observed in the diameter of the 
Fe3O4@PSSMA@SiO2 nanoparticles, which has a value of 270 nm ± 5 nm. 
In the case of (TC)Fe3O4@PSSMA@SiO2 nanoparticles, a value of 220 nm ± 5 nm was 
obtained for the diameter. This value is in between the above mentioned, indicating that 
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changing the proportions between the amount of particles and the reagents of the 
coating process produces coating layers of different thicknesses. 
7.8 Electrophoretic Light Scattering 
The values of the zeta potential of the synthesized nanoparticles were obtained by ELS. 
All the results are listed in table 2. 
Table 2. Values of the zeta potential obtained by ELS for the synthesized nanoparticles. 
Particles Zeta Potential (mV) 
Fe3O4@PSSMA -34 ± 2 
Fe3O4@PSSMA@SiO2 -34 ± 2 
(TC)Fe3O4@PSSMA@SiO2 -36 ± 3 
The zeta potential can take negative or positive values, but in both cases  a minimum 
zeta potential of greater than  the absolute value 30.0 mV is required for good physical 
stability.
34
 All the obtained nanoparticles present negative values for the zeta potential 
with values higher than -30.0 mV. This prevents the formation of aggregates making the 
nanoparticles stable in suspension. 
Moreover, the negative zeta potential in the particles with the silica coating will favor 
the functionalization of the surface. 
7.9 Magnetization Curve 
The magnetic characterization started with the determination of the magnetization curve 
for Fe3O4@PSSMA. The result is presented in Figure 20, where a superparamagnetic 
behavior is observed. 
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Figure 20. Magnetization curve of Fe3O4@PSSMA. 
It was obtained a value for the saturation magnetization of 68.00 emu/g, a value for the 
remnant magnetization of 0.65 emu/g and a value for the coercitive field of zero at room 
temperature. The value for the saturation magnetization is lower compared to the values 
present in the literature for the bare magnetite (~ 80 emu/g)
35
, as it was expected, but it 
is quite high as a result of the good crystallinity of the nanoparticles. The results also 
indicate the presence of crystalline single domain magnetite since the particle size 
required to achieve superparamagnetism in Fe3O4 NPs is estimated to be below 20 nm.
36
 
Moreover, the size of the magnetite nanocrystals composing the cluster structure may be 
of approximately 10 nm so the superparamagnetic behavior is retained at room 
temperature even though the overall size of the clusters exceeds the 20 nm.
3
 
7.10 Magnetic Hyperthermia 
Magnetic hyperthermia measurements were carried out with a Fe3O4@PSSMA sample 
under an alternating magnetic field with frequency 293 kHz and magnitude 30 mT. The 
results, shown in Figure 21, indicate that Fe3O4@PSSMA particles have a high heating 
power of around 30 ºC after 300 seconds of applied magnetic field. 




Figure 21. Increase in the temperature for Fe3O4@PSSMA produced in hyperthermia measurements. 
The SAR coefficient was calculated with the 0.33 M concentration of nanoparticles 
used for the measurements, obtaining a value of 1.85 W/g. This value is small compared 
to other SAR coefficients for colloidal Fe3O4 NPs present in the literature.
37
 This result 
is due to the high concentration of the sample used for the measurements, although the 
increase in the temperature is quite high, since the SAR value depends on the mass of 
the sample as it was seen in section 6.8. 
The high heating power given by the application of a magnetic field along with the 
magnetochromic properties converts these MNPs into a multifunctional material, 
opening its field of application. 
7.11 Rheological Study 
The first step in the measurement of the rheological properties was the design of the 
rheological study in the absence of a magnetic field by selecting the main parameters: 
 Selection of the geometry of the head: parallel plates geometry was selected for 
performing the different tests. Since there were no references of this type of 
measurements for MRPCs suspensions, the simplest geometry was chosen to test the 
behavior of the fluid (Figure 22). Regarding the geometry diameter, 40 mm was 
selected because it is commonly used for medium viscosities. 




Figure 22. Sample placed in the selected parallel plates geometry. 
 Tests selection: flow sweep (different shear rates), flow peak hold (constant shear 
rate) and amplitude sweep tests were carried out to obtain the information in a first 
approximation. 
7.11.1 Flow Sweep Test 
When the shear stress is plotted against the shear rate a linear behavior is observed 
(Figure 23). This result indicates the Newtonian behavior of the material. 
Figure 23. Line obtained from the linear fit. 
By adjusting to a linear fit, the viscosity corresponds to the slope, which gives an 
average value of 0.0019 Pa·s. 
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7.11.2 Flow Peak Hold Test 
Viscosity was measured as a function of time, with a shear rate of 500 s
-1
. The value of 
the shear rate was selected from the linear regime obtained in the flow sweep test. 
Measurements were performed at 20 ºC and the results are shown in table 3. 
Table 3. Values of the viscosity of Fe3O4@PSSMA sample at different times. 







There is a variation in the viscosity, but it is very small. Thus, the viscosity is 
considered to be constant and the steady state is reached quickly. Figure 24 shows the 
small variation in the viscosity values. 
Figure 24. Flow peak hold performed with a Fe3O4@PSSMA sample. 
The obtained data provide a value for viscosity at 20 ºC of 0.0013 Pa·s. Taking into 
account that the viscosity of water is 0.0010 Pa·s at 20 ºC
38
, it is concluded that, in 
rheological terms, MCNCs suspension has a rheological behavior in the absence of a 
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magnetic field equivalent to the water behavior. This behavior indicates that the 
nanoparticles exhibit very weak interactions between them at the water suspension. 
Taking into account this information, the measurements should be repeated with a cone 
and plate geometry, as it is more appropriate for samples with low viscosity such as 
water. 
In a next step, performing the measurements in the presence of a magnetic field will 
provide information about how stronger interactions between particles affect the 
rheological behavior of the material, since in the tests presented in this work the 
interactions are very weak. 
7.11.3 Amplitude Sweep Test 
The obtained results are not presented as they are not consistent with the ones obtained 
from the tests in the previous section. This confirms what was above mentioned: the 
parallel plates geometry is not the appropriate for this sample. Measurements should be 






 Magnetic responsive photonic crystals were obtained by one-pot solvothermal 
synthesis and a silica coating was applied by a modified Stöber process. 
 A structural and morphological characterization was carried out, showing the correct 
formation of the nanoparticles. Monodisperse Fe3O4@PSSMA nanoparticles were 
obtained with a size of 190 nm ± 5 nm. The monodipersity is maintained after the 
application of a silica coating, which produces an increase in the diameter of the 
nanopartiles, which have a size of 270 nm ± 5 nm. The zeta potential is negative in 
both non-coated and coated nanoparticles, which prevents the formation of 
aggregates. In the case of Fe3O4@PSSMA@SiO2 it also favors the surface 
functionalization. 
 The magnetic characterization of Fe3O4@PSSMA shows a superparamagnetic 
behavior with a value for the remnant magnetization of 0.65 emu·g
-1
 at room 
temperature, indicating the presence of single domain magnetite with a particle size 
in the order of 10 nm. Fe3O4@PSSMA nanoparticles have a high heating power 
with a temperature increase of 30 ºC in 300 s. 
 The observed magnetochromism is produced by the ordering of the particles under 
the applied magnetic field into chain-like structures ordered forming a 3D network. 
 A rheological study was designed to analyze the viscosity of the Fe3O4@PSSMA 
suspension. The rheological results for the suspension show a similar behavior to 
water in the absence of a magnetic field. 
This Master’s Final Project opens perspectives for future work. Firstly, to accomplish 
the rheological measurements in the presence of a magnetic field to determine the 
rheological properties resulting from to the strong interactions between particles. 
Secondly, the possibility of functionalize the surface of Fe3O4@PSSMA@SiO2 
nanoparticles. Thirdly, the deepening in the joint study of the heating power and the 
magnetochromism produced by the application of a magnetic field. These three work 






 Obtivéronse cristais fotónicos superparamagnéticos mediante una síntese 
solvotermal “one-pot” e aplicouse un recubrimento de sílice empregando o proceso 
de Stöber modificado. 
 Levouse a cabo unha caracterización estrutural e morfolóxica, indicando a correcta 
formación das nanopartículas. Obtivéronse nanopartículas Fe3O4@PSSMA 
monodispersas cun tamaño de 190 nm ± 5 nm. A monodispersidade mantense tras a 
aplicación dun recubrimento de sílice, que produce un incremento no diámetro das 
nanopartículas, que teñen un tamaño de 270 nm ± 5 nm. O potencial zeta é negativo 
tanto no caso das partículas sen recubrir coma recubertas, o que evita a formación de 
agregados. No caso das Fe3O4@PSSMA@SiO2 tamén favorece a funcionalización 
da superficie. 
 A caracterización magnética das Fe3O4@PSSMA mostra un comportamento 
superparamagnético cun valor para a magnetización remanente de 0.65 emu·g
-1
 a 
temperatura ambiente, indicando a presenza de magnetita monodominio cun tamaño 
de partícula da orde dos 10 nm. As nanopartículas Fe3O4@PSSMA teñen un alto 
poder de quecemento, cun incremento da temperatura de 30 ºC en 300 s. 
 O magnetocromismo observado está producido polo ordenamento das partículas 
baixo o campo magnético aplicado en estruturas 3D en forma de cadeas. 
 Deseñouse un estudo reolóxico en ausencia de campo magnético para analizar a 
viscosidade da suspensión de Fe3O4@PSSMA. Os resultados reolóxicos mostran 
para a suspensión un comportamento similar á auga. 
Este Traballo de Fin de Mestrado abre perspectivas para o traballo futuro. En 
primeiro lugar, a realización das medidas reolóxicas en presenza dun campo magnético 
para determinar as propiedades reolóxicas resultantes das fortes interaccións entre as 
partículas. En segundo lugar, a posibilidade de funcionalizar a superficie das 
nanopartículas Fe3O4@PSSMA@SiO2. En terceiro lugar, o afondamento no estudo 
conxunto do poder de quecemento e o magnetocromismo producido pola aplicación dun 
campo magnético. Estas tres liñas de traballo levan á posibilidade de desenvolvemento 
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